G LUTAMIC oxalacetic transaminase
(GO-T) has been found to be present in all human sera that have been tested. Comparable concentrations are found whether the more laborious chromatographic method is used or whether the relatively simple and rapid spectrophotometric assay is employed.' When serum is added to excesses of aspartic acid and alpha ketoglutaric acid buffered at optimal pH in the presence of coenzyme 1 (DPNH+) and malic dehydrogenase, serum glutamic oxalacetic transaminase can be measured in a spectrophotometer by the decrease in optical density resulting from the oxidation of reduced diphosphopyridine nucleotide (DPNH+) to the oxidized form of the enzyme (DPN). (See fig. 1 .) Other workers have been measuring the concentration of glutamic oxalacetic transaminase (GO-T) in various animal tissues and have found the enzyme in high concentration in heart muscle, skeletal From the Andre and Bella Meyer Physiology Laboratory, The Sloan-Kettering Institute and the Medical Service of the Memorial Center for Cancer and Allied Diseases, New York, N. Y.
This study was supported in part by the New York Heart Association and in part by Grant H-1978 of the National Institutes of Health. 161 muscle, brain, liver, and kidney in decreasing order.2' 3 This property led us to study serum levels following acute myocardial infarction in human subjects. Serum glutamic oxalacetic transaminase (SGO-T) rises 2 to 20 times above the upper limits of normal within 6 to 72 hours after infarction.4 Dogs subjected to experimental myocardial infarction by injection of plastic microspheres into the coronary circulation invariably exhibit a rise in serum transaminase 6 to 48 hours after injury, which is apparently roughly proportional to the amount of myocardial necrosis.5 The enzyme has also been found elevated when myocardial necrosis was produced in rabbits by the intravenous injection of papain.6' 1' The first of these methods subjects the dogs to prolonged anesthesia and possibly secondary liver damage. In the second, the possibility of the effect of papain upon other transaminase-rich tissues cannot be excluded. Striking elevations in serum glutamic oxalacetic transaminase follow acute liver damage, and lesser rises occur after acute renal or skeletal muscle damage. 8 In order to exclude serum transaminase eleva- veloped by LeRoy and associates for inducing acute myocardial necrosis experimentally.9
The purpose of these studies was to answer the following questions, if possible. 1. Does the serum concentration of glutamic oxalacetic transaminase invariably rise following myocardial necrosis? 2. What is the smallest infarction that would elevate the serum level of transaminase? 3. Will the serum glutamic oxalacetic transaminase rise without infarction but after ischemia? 4. Will the operative procedure employed affect the level in the serum? 5. Is glutamic oxalacetic transaminase released from necrotic muscle or is it produced elsewhere as a nonspecific response? 6. What is the mechanism of serum glutamic oxalacetic transaminase elevation following experimental myocardial infarction?
METHODS

MYeasurement of Enzyme
The serum levels of glutamic oxalacetic transaminase were analyzed by a spectrophotometric method.' The reaction is based on a double enzyme system with all substrates present in excess; the limiting factor is the concentration of glutamic oxalacetic transaminase in the serum.
The only actual measurement in the assay of the rate of this reaction is the spectrophotometric analysis of the decrease in optical density as oxidized diphosphopyridine nucleotide (DPN, coenzyme 1) is formed from the reduced enzyme (DPNH+). The rate is dependent on the concentration of serum transaminase. One unit is designated as a change in optical density of .001 per milliliter per minute at wave length 340 m~u. The normal range is 8 to 40 units per milliliter per minute ( fig. 1 ). The technic used was that of LeRoy and coworkers.9 Intravenous sodium pentobarbital anesthesia was administered and respiration sustained by intermittent positive pressure oxygen through tracheal intubation. No (log was anesthetized for more than three hours. A left lateral chest incision was made, the fourth rib resected, and nooses of braided silk loosely placed around chosen branches of coronary arteries. The ends of the tie were brought out through stab wounds in the chest at right angles to the artery and buried subcutaneously ( fig. 2 ). The advantage of this method is that the myocardial infarct can be produced at any chosen interval subsequent to the operation at a time when the serum glutamic oxalacetic transaminase has returned to normal limits. In this way we separate the alteration of serum concentration of transaminase which results from surgery from that due to coronary ligation.
Before infarction, the dogs were given morphine sulphate subcutaneously (up to 30 mg. are usually necessary to abolish pain), 0.1 mg. atropine sulphate intravenously per kilogram of body weight and 15 mg. of aminophylline intravenously per kilogram of body, weight. The appropriate ties were then drawn tight, occluding the coronary artery, and serial venous bloods and electrocardiograms were obtained.* The observations of LeRoy and asso-ciates9 on the diminution of mortality following this premedication were substantially confirmed in our experiments.
Homogenates
Homogenates of infarcted and normal areas of (log heart were prepared in an ice-water bath as soon after death of the animal as possible. When tissues were not homogenized at once, they were quick frozen and stored in dry ice. Homogenization of saline suspensions of minced muscle was complete * All electrocardiograms were recorded with the Poly-Viso (Sanborn), a direct writing machine, usually at a paper speed of 50 mm. per minute.
except for very small amounts of residual collagen. Calculations of transaminase content were based on the wet weight of the fresh heart muscle. The spectrophotometric analysis was performed in the standard fashion. At least 10 minutes were allowed for the blank reaction before the addition of alpha ketoglutarate, in the same manner as previously described for the assay of serum. A dilution of the homogenate of 1 :1000 to 1:1500 was utilized in the analyses. It was noted that the "blank" reaction ceased or slowed to a very low rate within the allotted interval when using this dilution. The addition of the alpha ketoglutarate always resulted in the expected rapid decrement of optical density as the transamination reaction then proceeded.
RESULTS
Sixteen dogs had 18 operations with an immediate operative mortality of three and a postoperative mortality of two (total 28 per cent). In the 11 remaining dogs 10 infarcts were produced in nine dogs with a mortality of 10 per cent. One dog failed to develop infarction after coronary ligation. One animal (control) had a thoracotomy without disturbing the heart or opening the pericardium.
In the one dog with thoracotomy alone, the serum glutamic oxalacetic transaminase rose to 60 units within 12 hours and fell to normal in four days. In another a second rise up to 40 units occurred on the seventh and eighth days, thereafter falling and remaining below 40 units. The first rise we attribute to skeletal muscle damage at operation with consequent release of transaminase and the second, possibly to liver dysfunction as a result of anesthesia and other causes. These early transaminase elevations were noted following every operation done in this study whether or not the pericardium was entered. Figure 5 shows the serum levels of glutamic oxalacetic transaminase following a minute apical infarction. On the first day of the experiment, a "blank" operation (interruption of the pectorals and removal of a rib) was performed. The level rose following operation. On the fourteenth day, the chest was re-entered and ties were loosely placed around a terminal branch of the left anterior descending coronary artery. The level again rose following operation. On the twenty-first day after the original operation, the ligature was pulled tight and an apical myocardial infarct produced. The serum transaminase rose to 120 units, falling to normal limits within 24 hours. The cause of the t Sacrificed 20 hours after infarction. Note: The size of the infarct, the maximum level of serum glutamic oxalacetic transaminase seen after infarction and the duration of the SGO-T elevation. Two infarcts mere produced in dog N-79, one week apart. They could not be demarcated at autopsy. second elevation 48 hours later to 75 units prior to autopsy is not clear. The heart of this dog contained a fresh apical infarct weighing less than 1 Gm. (See fig. 6 .) Table 1 shows the relationship between the size of the myocardial infarct and the peak level of the serum glutamic oxalacetic transaminase as well as the duration of the rise. In general, the larger the size of the myocardial infarct, the higher the maximum rise of serum transaminase and the longer the duration of elevation. That we did not see an absolutely linear relationship between the size of the infarction, as seen at autopsy, and the peak or duration of transaminase abnormality is not surprising, considering the many variables that might influence this curve, i.e., variations in blood volume (size of "diluting medium") in On day zero a thoracotomy was done and the pericardium opened. This was followed by elevation of the serum glutamic oxalacetic transaminase to 180 units which fell to normal on the eighth day. Then the chest was re-entered through scar tissue and the ligature placed about a main branch of the left coronary artery. No blood samples were obtained for three days following this operation. On day 21 the tie was tightened and the artery completely occluded. The level remained below 40 units for the eight days until the animal was sacrificed. At autopsy, although the ligature was completely occluding the main left circumflex artery, no gross or microscopic evidence of infarction was present.
The electrocardiograms in the upper row ( fig. 8) show the ST-T wave changes of pericarditis following the two operations on the heart. The tracing returned to normal before the main left circumflex artery was occluded. The electrocardiograms in the lower row show progressive S-T elevation in lead III with reciprocal depression in V4 and T-wave changes. The tracing returned toward normal at 30 minutes and became completely normal within 43 minutes. The different form of the T wave at two and one-half hours may be attributed to the change in heart rate. 'No Q wave is seen.
In this experiment it was planned to produce a large posterior myocardial infarction. However, despite the fact that the animal was prepared in the routine fashion and the tie was proved at autopsy to hare completely occluded the main trunk of the left circumflex coronary artery, only S-T and T-wave changes were seen on the electrocardiogram which spontaneously This table compares the glutamic oxalacetic transaminase content of normal heart muscle with that of necrotic heart muscle of dogs (each dog being his own control) at varying times after infarction. Dog X-14 showed evidence of very early infarction on microscopic examination only, having died two hours following coronary ligation. reverted to normal within 45 minutes. No Qwave changes of necrosis were seen and the serum glutamic oxalacetic transaminase did not rise following ligation of the coronary artery. At autopsy the myocardium was perfectly normal despite the fact that the main left circumflex artery was completely occluded. This presented a fortuitous situation in which spontaneously reversible electrocardiographic changes of ischemia and injury were seen.10 No necrosis was found in the myocardium at autopsy.
The reasons why no myocardial infarction was produced are not apparent, unless the atropine-aminophylline premedication completely protected the area of myocardium supplied by this artery. We believe that this combination of findings indicates that a rise in the serum glutamic oxalacetic transaminase may result from leakage of enzyme through severely damaged cell membranes and does not occur after ischemia of short duration.
Transaminase Concentration in Normal and
Infarcted Heart Muscle Further support for the concept that tranosaminase is released into the blood stream only from a necrotic area of heart muscle is provided by the observations on the concentration of this enzyme in normal and infarcted muscle.
If serum enzyme levels remain normal fol-lowing reversible functional abnormalities in the heart, one might expect that in situations of irreversible damage (i.e., necrosis) a rise in serum enzyme concentration is the result of loss of this enzyme into the blood stream from the necrotic area. Indirect evidence for this is presented in table 2. It can be seen that there is a much smaller concentration of enzyme in the necrotic heart muscle than in normal heart muscle from the same animal. In addition, it would appear that the older infarcts have released more transaminase than the recent ones, and thus the loss of enzyme is a function of the duration as well as the amount of necrosis. The ratio of enzyme in normal to infarcted muscle as high as 45: 1 (dog X-2) is especially striking.
DISCUSSION
The serum glutamic oxalacetic transaminase was invariably elevated following myocardial infarction in the dogs studied. The height of the rise of the enzyme in the sera as well as the duration of the rise was roughly proportional to the amount of infarcted heart muscle. These findings were strikingly similar to those reported following transmural myocardial infarction in man. In the latter the height and duration of transaminase activity also appeared to be correlated with the size of the infarct. The sensitivity of the test is attested to by the fact that infarcts less than 1 Gm. in size resulted in significant, but short, elevations of the serum transaminase (dog X-54, X-52 and X-17).
Thoracotomy, per se, results in elevation of the serum glutamic oxalacetic transaminase, presumably by release from damaged pectoral and intercostal muscles, and this must be taken into consideration in the evaluation of the test following major surgery.
Myocardial ischemia of 45 minutes duration seen in dog X-84 who failed to develop infarction after ligation of the left circumflex coronary artery did not result in increased transaminase activity. This is analogous to the usual absence of increased levels following angina pectoris and coronary insufficiency in man associated with reversible S-T and T-wave changes. These problems are at present under further study.
The fact that the activity of the serum glutamic oxalacetic transaminase in infarcted inuscle is only 2 to 10 per cent of that in the normal muscle of the same heart, together wvith the observation that the transaminase activity in infarcted muscle diminishes proportionately to the age of the infarct, strongly suggests that the mechanism of elevation of transaminase activity is simply one of release of the enzyme into the blood stream following death or increase in cellular membrane permeability. The routes of excretion and degradation of the enzyme are not yet known but are under study.
The spectrophotometric method of assay of serum glutamic oxalacetic transaminase is relatively simple, rapid, and inexpensive. In our hands its accuracy is highly reproducible, and we have used the inethod to investigate damage of heart and skeletal muscle and liver.47 It is apparent that a rise in transaminase activity is a useful index of the degree of necrosis of transaminase-rich tissue and does not in any way represent a nonspecific measurement of tissue inflammation.
CONCLUSION-S
Mlyocardial infarction due to ligation of coronary arteries in the dog is invariably followed by an increase in the serum glutamic oxalacetic transaminase activity.
The increase in activity occurs within six hours following ligation and both the degree and duration of enzyme abnormality appear to be proportional to the size of the infaret. \Iyocardial ischemia of 45 minutes duration did not influence the serum level of glutamic oxalacetic transaminase.
Since the enzyme activity of infarcted nuscle is only 2 to 10 per cent of that of normal muscle, the mechanism of elevation of transaminase activity is probably through release of the enzyme into the blood stream following an increase in the permeability of the injured heart muscle cell.
